We will present the first example of a two-dimensional scanned TLC-plate, measured by use of a diode-array scanner. A spatial resolution of 250 μm was achieved on plate. The system provides real 2D fluorescence and absorption spectra in the wavelength-range from 190 to 1000 nm with a spectral resolution of greater than 1 nm. A mixture of 12 sulphonamides was separated by using a cyanopropyl-coated silica gel plate (Merck, 1.16464) with the solvent mix of methyl tert-butyl ether-methanol-dichloromethanecyclohexane-NH 3 (25%) (48:2:2:1:1, v/v) in the first and with a mixture of water-acetonitrile-dioxane-ethanol (8:2:1:1, v/v) in the second direction. Both developments were carried out over a distance of 70 mm. A separation number (spot capacity) of 259 was calculated. We discussed a new formula for its calculation in 2D-TLC separations. The drawback of this method is that measuring a 2D-TLC plate needs more than 3 h measurement time.
Introduction
Generally, all chromatographic methods can be divided into two main separation groups: time and space. Thin layer chromatography as a space separation method is by far the simplest separation technique considered in terms of equipment and performance [1] . Multidimensional chromatography is the most powerful tool for separations [2] . The two-dimensional thin-layer chromatography (2D-TLC) technique is one of the most versatile methods of TLC development. The first application of the two-dimensional chromatographic method as paper chromatography was reported in 1944 by Consden, Gordon, and Martin [1] [2] [3] . Since that time, this method has been mostly used for the separation of a large number of compounds that cannot be separated in a single dimension TLC experiment. In the first review on this topic, Guiochon et al. [3] reported numerous applications of this technique.
The interesting thing about 2D-TLC is that the separation number can be dramatically increased. If the spots are dispersed over the whole area of the plate, Guiochon stated that in the limiting case n 2 compounds could be separated in 2D-TLC when a spot separation number n denotes a single development [4] . This, however, can seldom be achieved in practice [5] . The greatest dispersion of spots over the TLC plate is obtained when the chromatogram is developed in two orthogonal modes. That is the case when in the first direction a normal-phase (NP) system is used, e.g. on silica gel with a non-aqueous mobile phase, and in the second direction a reversed-phase (RP) system is applied [6] . This can be done by using a single cyanopropyl coated silica layer, on which TLC can be performed either in the reversedphase mode (with an aqueous mobile phase) or in the normalphase mode (using a non-polar solvent) [6] .
The great advantage of 2D-TLC is its ability to separate many compounds. The drawback is that quantitative evaluations are difficult and do not meet current standards. Generally, TLC scanners which are available for densitometric measurements cannot be adapted easily to two-dimensional TLC [7] . Today, only video-densitometric evaluations of 2D-TLC separations are used [8] , but video-densitometric evaluations have a lot of problems [9] .
In 2003, Poole [10] wrote: The acceptance of two-dimensional thin-layer chromatography for general analysis rests on providing a convenient method for in situ detection and quantification. Current devices for slit-scanning densitometers are designed to evaluate a single track, so usually only one-dimensional TLC plates can be evaluated. Special software must be designed in order to map the whole surface. Only Prosek et al. [11] and Yamamoto et al. [12] published mapping the whole surface of a TLC-layer by scanning densitometry. Both achieved this by scanning the whole TLC plate track by track in linear mode.
Prosek used a slit scanner with a spatial resolution of 0.2 × 8 mm, with 0.5 to 1.0 mm steps between the single scans [11] . Yamamoto achieved a spatial resolution of 0.2 mm in both the longitudinal and lateral directions. Scanning a 100 × 100 mm plate at a single wavelength took 15 min. Scanning at different wavelengths needs time and makes wavelength dependant evaluations and peak purity checks nearly impossible.
The purpose of this publication is to present a method for sensitive quantification of 2D-HPTLC separations, simultaneously measured at different wavelengths. The separation of 12 sulphonamides with similar structure is presented as an example. The method can be used to quantify sulphonamides in the effluent of wastewater treatment plants.
Theory of TLC Evaluations
In planar chromatography, light is used for detecting separated sample spots by illuminating the TLC plate from the top with light of known reflected intensity (J 0 ). If this reflected light shows higher intensity than the reflected light from a sample zone (J), a fraction of light must be absorbed by the sample (the analyte). Increasing sample amounts will induce a decreasing light reflection (J). Therefore, a transformation algorithm is needed which turns decreasing light intensities into increasing signal values. Ideally, there should be a linear relationship between the transformed measurement data and the analyte amount.
The abbreviation:
(1) lead to the following equation for transformation purposes.
(2) k: backscattering factor (k ≥ 0 and k ≤ 1)
a: absorption coefficient
The equation shows linearity between the transformed measurement data (TMD) and the absorption coefficient [1, 13] .
The value of the so-called backscattering factor k is in the range between 0 and 1 and depends on the scattering quality of the stationary phase. A backscattering factor of k = 1/2 describes the assumption that half of the scattered light flux is directed forwards and half backwards. This is exactly as described by the Kubelka/Munk equation. In trace analysis, it is mostly sufficient to use a k-factor of k = 1 for obtaining linear calibration curves. For k = 0 no incident light is reflected to the plate top, and the resulting expression can be used for fluorescence evaluations [1, 13] .
Experimental

Preparation of Standards and Application on HPTLC Plates
All the chemicals used were of analytical reagent grade. All sulphonamides had a purity of ≥99.0%. Sulphacarbamide (sulfanilylurea) (1), sulphadiazine (2), sulphadimidine (sulfamethazine) (3), sulphaguanidine (4), sulphamerazine (5), sulphamethoxazole (6), sulphamethoxypyridazine (7), sulphanilamide (8), sulphapyridine (9), sulphaquinoxaline (10), sulphasomidine (11) , and sulphathiazole (12) were purchased from Sigma-Aldrich, Seelze, Germany.
Cyclohexane, dioxane, acetonitrile, dichloromethane, ethanol, methanol, NH 3 (25%), and methyl-t-butyl ether were purchased from Merck, Darmstadt, Germany, as well as HPTLC cyanopropyl-coated silica gel plates (Merck, 1.16464) with 0.1 mm layer thickness used as the stationary phase.
Stock and Sample Solutions
Stock solutions for checking linearity were prepared by dissolving 6.000 mg of the standard sulphonamides dissolved in 10 mL of methanol. For calibration purposes the stock solutions were subsequently diluted with methanol in order to apply amounts of 1 to 10 μL on plate.
Samples and standards were spotted band-wise (3 mm) on an HPTLC plate (10 × 10 cm) using a DESAGA AS 30 device. A mixture of 12 sulphonamides was separated by using a cyanopropyl-coated silica gel plate (Merck, 1.16464) with the solvent mix of methyl tert-butyl ether-methanol-dichloromethane-cyclohexane-NH 3 
Apparatus
For the scanning of HPTLC-plates, a TIDAS TLC 2010 system (J&M Aalen, Germany) was used with a reflection attachment of 9 identical optical fibers (Figure 1) . Each fiber shows a diameter of 100 μm, produced by TransMIT-Centre for Fibre Optics and Industrial Laser Applications, Gießen, Germany. These fibers were used for illumination purposes and were circled around a single fiber with a diameter of 200 μm. This fiber transports the reflected light from the plate to the detector. A TIDASsystem with a wavelength resolution of 0.8 nm was used for detection. The interface is fixed at a distance of 450 μm above the plate surface. During measurements, the plate is moving underneath this interface with constant velocity. The measurement time for a single spectrum (measured by a Tidas TLC 2010 device) in the wavelengths ranged from 190 to 1000 nm is 100 ms.
For fluorescence evaluation an LED (model: LEDMOD 365.1, produced by Omicron Laserage, Rodgau, Germany) was used instead of a deuterium lamp. The plate was illuminated at 365 nm using a measurement time of 0.1 s per spectrum.
The signal transformation was done by using equation (2) with a k-factor of k = 1 for absorption and with a k-factor of k = 0 for fluorescence evaluations. 
Results and Discussion
Sulphonamides were the first synthetic drugs with antimicrobial properties, and some of these compounds are still in use. All antimicrobial sulphonamides contain a sulphonamide-and an NH 2 -group which make the compounds very similar in structure. Worldwide, large amounts of highly diluted sulphonamides are being released into the environment [14] . It is not easy to separate sulfonamides because they all have very similar structures [15] . That is the reason why we decided to use 12 sulfonamides as model compounds to show the performance of the new 2D-scanner.
Simultaneous Scanning at Different Wavelengths
The mixture of 12 sulphonamides was applied as a 3-mm band on a cyanopropyl-coated silica gel plate in the amounts of 2 μg per sulphonamide each. In the first direction, the solvent mix of methyl tert-butyl ether-methanol-dichloromethane-cyclohexane-NH 3 (25%) (48:2:2:1:1, v/v) was used. This is a normal phase separation. The plate was dried and in a second step the plate was developed with a solvent mix of water-acetonitriledioxane-ethanol (8:2:1:1, v/v). This is a typical reversed phase separation mode. The dried plate was scanned as described with the position of the application point at right below. Figure 2 shows a 3D plot (plate area and absorption intensities) at a given wavelength. The data were evaluated using equation
(2) with a k-factor of k = 1. The program cursor can be moved over the screen to show the on-line spectrum measured at a particular plate position. The plot can be instantly changed by choosing another wavelength. In this way, you can resolve neighboring spots which are not spatially separated.
In Figure 3 , the same area of interest is measured at different wavelengths, showing that the method can improve the spot resolution. The spectrum at a chosen separation is available simply by moving the cursor to its plate area position. Figure 4 shows the same plate scanned by illuminating the plate with a 366-nm LED. The date was evaluated using eq (2) with a k-factor of k = 0. Only the sulphonamide sulphapyridine shows a bright fluo- 
Figure 3
The same area of interest measured at different wavelengths in absorption (1-5) and fluorescence (6) shows that this method can improve the spot resolution.
rescence. The appropriate fluorescence spectrum is shown at the bottom right. A spot at a given wavelength can be virtually encircled and the resulting peak (Figure 4 , top at right) is integrated without any problems. This makes the method a quantitative one, unique in 2D-TLC.
Measured Separation Numbers
The separation number (also named as spot capacity) of a single dimension separation describes its quality. Generally speaking, the separation number describes the maximum number of compounds which can be separated by the system [4, 5] . The basic idea of the separation number was given by R.E. Kaiser [16] . In this definition, the average zone widths at half peak height w H (which describes a 2σ resolution) are compared with the average separation distance (z f -z 0 )/2 of a zone [2] . Therefore, the separation number is defined in eq. (3) as the quotient of separation distance and peak diameter.
In this equation, z f denotes the front distance from the immersion line and z 0 the point of application, calculated from the immersion line. Simply spoken, the separation number describes how many zones with half-height diameter can be squeezed into the full length of the total separation distance.
Consequently, in a 2D-TLC separation, the average spot area should be compared with the total separation space. It is remarkable to see in nearly all 2D-TLC separations that all spots which are spread over the whole plate show nearly the same diameter. This can be clearly seen in all the 2D-separations presented in ref. [3] . The average sulphonamide spot diameter of a 4σ separation in Figure 2 ranges from r 1 = 3 to r 2 = 6 mm. The spots have nearly the same spot shape and spot diameter. Taking this into account, we can calculate the average spot area as (πr 1 r 2 ). For the separation number (SN) of the sulphonamide separation, we obtain eq. (4).
(4)
Using this new definition for the separation number in a 2D-separation, we calculate a separation number of 259. This is the same range Poole predicted for 2D-TLC [5] . It should be noted that this separation number is calculated as a 4σ separation and not as a 2σ separation which was used for the calculation of the linear separation number.
A separation number of 259 describe a system in which a maximum of 259 spots can be separated. That is a rather high value, even higher than the separation number of a single dimension HPLC separation. Guiochon calculated the separation number of a 2D-separation from the squared separation number of a separation in a single direction [4] . If this holds, a single separation in the sulphonamide TLC-system should have a separation number of (259) 1/2 = 16. This value is by far too large because we cannot separate 16 compounds using the two systems in a single dimension, either. The mistake is that a squared separation number of a single dimension describes the spots as squares in the 2D-system, but this does not agree with our experiment. Our spots are round! We can therefore state that the separation number of a 2D-TLC separation is much higher than the squared separation number of a 1D-TLC separation. If we calculate the separation number in the sulphonamide separation as a 2σ separation with r 1 = 1 and r 2 = 1.5 mm we obtain a 2D-separation value of 1039! This is far beyond what Poole and Poole [5] predicted as the performance of 2D-TLC.
Conclusion
We presented the first example of a two-dimensional HPTLCplate, measured by use of a diode-array scanner. A spatial resolution of 250 μm was achieved on plate. The system provides real 2D fluorescence and absorption spectra in the wavelength ranging from 190 to 1000 nm with a spectral resolution of better than 1 nm. A separation number of 259 was calculated, which makes this system superior to HPLC. The drawback of the method is that measuring a 2D-TLC plate needs more than 3 h measurement time.
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